15 Surface protein layers (S-layers) often form the only structural component of the archaeal cell wall 16 and are therefore important for cell survival. S-layers have a plethora of cellular functions including 17 maintenance of cell shape, osmotic and mechanical stability, the formation of a semi-permeable 18 protective barrier around the cell, cell-cell interaction, as well as surface adhesion. Despite the 19 central importance of the S-layer for archaeal life, their three-dimensional architecture is still 20
Introduction

26
Many bacteria and archaea are surrounded by an outermost layer -the S-layer -which is 27 composed of glycosylated surface proteins. These proteins arrange into flexible, porous, yet 28 highly stable lattices that form cage-like coats around the plasma membrane. In bacteria, S-layers 29 are anchored to the peptidoglycan or the outer membrane. In archaea, S-layers can be either 30 incorporated into the periplasmatic polysaccharide layers such as pseudomurein and 31 methanochondroitin, or simply integrated into the cytoplasmic membrane. In most cases, S-layers 32 form ordered 2-dimensional arrays and serve a variety of functions, which are thought to be 33 2 specific to genera or groups of organisms sharing the same environment (Albers & Meyer, 2011; 34 Engelhardt, 2007 ; Rodrigues-Oliveira, Belmok, Vasconcellos, Schuster, & Kyaw, 2017). 35 36 For archaea, S-layers are of particular importance as they often comprise the only cell wall 37 component. They therefore define cellular shape and provide osmotic, thermal and mechanical 38 stability (Engelhardt, 2007) . In addition, in vitro experiments have shown that S-layers change the 39 physical and biochemical properties of lipid layers, rendering them less flexible, less fluid, more 40 stable and heat-resistant, and possibly more resistant to hydrostatic pressure. Furthermore, it has 41 been suggested that S-layers provide protection against immunological defence systems and 42 viruses, act as pathogenic virulence factors, serve as phage receptors, promote surface adhesion, 43 establish a quasi-periplasmic space, provide anchoring scaffolds for membrane proteins, 44 sequester ions and facilitate biomineralization (Engelhardt, 2007) . S-layers are intrinsically 45 capable of self-assembly in vitro, resulting in tube-like, spherical two-dimensional crystals 46 SlaB from different Sulfolobus species revealed molecular masses ranging from 120kDa -180kDa 55 or 40kDa -45kDa, respectively (Grogan, 2010; Veith et al., 2009 ). Comparative sequence 56 analysis and molecular modelling of SlaB revealed that it exists in two species-dependent 57 variants. In S. ambivalens, S. acidocaldarius, S. tokodaii and S. sedula, SlaB is comprised of an 58 N-terminal Sec-dependent signal sequence, followed by three consecutive beta-sandwich 59 domains, an alpha-helical coiled coil domain and one C-terminal transmembrane helix. In 60 contrast, the sequences of S. solfataricus and S. islandicus are shorter by one beta-sandwich 61 domain (Veith et al., 2009 ). Interestingly, it was recently shown by negative stain electron 62 microscopy (EM) that SlaB knockout strains of S. islandicus still assemble partial S-layers (Zhang 63 et al., 2018a) . 64
3 In contrast, SlaA was predicted to be a soluble protein rich in beta-strands and to form the outer 66 region of the Sulfolobus S-layer (Veith et al., 2009 ). Deletion mutants of SlaA led to deformed 67 cells without a distinctive cell envelope (Zhang et al, 2018b) . 68 So far, the structure of the Sulfolobus S-layer has only been inferred by early 2D crystallography 69 of negatively stained and isolated S-layers. These data suggested that Sulfolobus S-layers adopt 70 a structurally conserved lattice with P3 symmetry, which encompasses 4,5 nm triangular and 8 71 nm hexagonal pores at a 21 nm distance (Baumeister & Lembcke, 1992; Taylor, Deatherage, & 72 Amos, 1982) . However, as detailed 3D maps were so-far unavailable, it has been unclear how 73
SlaA und SlaB assemble into the final S-layer structure. 74 75 Using electron cryo-tomography (cryoET) and sub-tomogram averaging (STA), we obtained the 76 first 3D cryoET maps of S-layers from three Sulfolobus species at unprecedented resolution. 77
Through difference maps of fully-assembled and SlaB-depleted S-layers, we were able to 78 unambiguously pinpoint the positions of the component subunits SlaA and SlaB. Based on these 79 experiments, we present a 3D model describing their assembly. In addition, our data reveal that 80 strain-specific variants of SlaB lead to marked differences in the outward-facing S-layer surface. 81
We also find that SlaB is not required for SlaA S-layer assembly in vitro, which has important 82 implications about the function of both S-layer components. 83
84
Results
85
In situ structure of the Sulfolobus S-layer 86
To obtain a first detailed understanding of the molecular architecture of the archaeal S-layer, we 87 chose the Sulfolobus species S. islandicus (Sisl), S. solfataricus (Ssol) and S. acidocaldarius 88 (Saci). In Sisl and Ssol the S-layer subunit proteins SlaA and SlaB show share 87.4% and 87.7% 89 sequence identity ( Fig. 1S1 ) and are thus virtually identical. In contrast, SlaA and SlaB from Saci 90
show only ~24% or ~25 % identity with Sisl / Ssol (Fig. 1S2 ) and are thus far less conserved 91 between those species. Moreover, SlaB from Saci and Sisl/Ssol have previously been proposed 92 to represent two different structural "families" with respect to SlaB, which exists as a long form in 93
Saci and a short form in Ssol and Sisl (Veith et al., 2009) . We hypothesised that the two different 94 variants of SlaA and SlaB may cause distinct S-layer geometries in Saci when compared to Sisl 95 or Ssol. 96
97
To prepare cells for cryoET, cellular suspensions were plunge-frozen on holy carbon grids and 98 investigated in the electron microscope. The majority of cells were surrounded by intact S-layers 99 4 and membranes and showed various degrees of cytoplasmic density, which may either be a result 100 of different metabolic states of slight cytosolic leakage during the sample preparation procedure. 101
Tomographic tilt series were collected of cells with low cytosolic density, which were more 102 transparent to the electron beam and thus resulted in tomograms with better signal-to-noise ratio 103 ( Fig. 1A) . 104
105
In tomographic reconstructions, cells appeared disk-shaped with a diameter of up to 2 μm and a 106 thickness of 250-300 nm (Fig. 1A ). Since Sulfolobus cells are usually roughly spherical, this 107 suggests that the cells had been compressed due to surface tension of the buffer during the 108 plunge freezing procedure. In tomographic cross-sections, two layers confining the cells were 109 distinguished ( Fig. 1A ). Whereas the inner layer, the membrane, was smooth, the outer S-layer 110 had a corrugated appearance ( Fig. 1B) . 111
Tomographic sections parallel to the plane of the S-layers clearly showed that they indeed form 112 regular two-dimensional arrays, as confirmed by power spectra of the respective tomographic 113 slices. These power spectra showed clear spots up to the third order and indicated a lattice with 114 P3 symmetry (Fig. 1S3 ). The fuzzy spots indicated that the S-layers were not perfectly crystalline. 115
This was expected, as roughly round shapes cannot be contained in a hexagonal lattice unless 116 defects are included (D Pum, Messner, & Sleytr, 1991). Moreover, gaps in the lattice are needed 117 to accommodate surface filaments such as archaella (Daum et al., 2017) or to allow the cells to 118 grow and divide. In tomographic slices perpendicular to the membrane plane, S-layers formed 119 regular, corrugated canopy-like arrays at a centre-to-centre distance of ~30 nm from the 120 membrane ( Fig. 1 B) . 121
122
To obtain structural information of these S-layers in situ, 1809 subvolumes (Sisl) and 2068 123 subvolumes (Saci) were cut from tomograms, in which the cell surface was clearly resolved. 124
Subsequently, subvolumes were aligned and averaged in PEET. This resulted in 3D maps at ~30 125 Å and 28 Å resolution for Sisl and Saci, respectively ( Fig. 1S5 ). Both S-layer maps revealed a 126 perforated two-dimensional protein lattice with P3 symmetry ( Fig. 1; 1S4 ; 1S5). For Sisl, unit cell 127 dimensions were ~21.9 x 20.9 nm including an angle of 120° and for Saci the unit cell measured 128 ~23.9 x 23.6 nm with an angle of 120°. The unit cell of the Saci S-layer is therefore roughly 10 % 129 larger than that of Sisl. The total height of the maps was ~25 nm for Sisl and ~28 nm for Saci, In Saci, the most distal part of the outer layer is composed of elongated, petal-like structures ( Fig.  156 1 D, red). As in Saci these structures do not protrude as far from the general plane of the canopy, 157 the outer S-layer face appears rather smooth compared to that of Sisl. As seen in Fig that their integrity does not crucially depend on the cellular context ( Fig. 2 A) . Moreover, the map 169 of the Ssol S-layer was virtually identical to the one of Sisl in terms of lattice dimensions and outer 170 canopy topology ( Fig. 2 B) , indicating that 87 % sequence identity conserves the general 171 structural features. 172
173
To further investigate the structural differences between Saci and Ssol, we segmented each map 174 into units composed of three stalks and the adjacent canopy (Fig 2 C, D) . As with Sisl, the S-layer 175 of Ssol clearly showed a smaller unit size of 10 % when compared to the one of Saci. Furthermore, 176 structural differences surrounding the hexagonal pores were resolved more clearly. Whereas in 177
Saci each hexagonal pore is flanked by six inward-curled protein domains, it is surrounded by six 178 outward projecting densities in Ssol, giving rise to the cone-like assemblies. 179 180
Pinpointing SlaA and SlaB 181
In order to locate SlaA and SlaB within the Sulfolobus S-layer, we first removed the subunit SlaB 182 from isolated S-layers using the detergent N-laurylsarcosine ( Fig. 3 A) . After 3-4 repeated 183 washing steps, this subunit ceased to be detectable by SDS PAGE. CryoET and sub-tomogram 184 averaging of the SlaB-depleted S-layer resulted in a map that lacked the trimeric stalks (Fig 3 C) , 185 leaving behind the porous canopy. This clearly indicates that SlaB constitutes the trimeric stalks 186 that anchor the S-layer in the membrane. Consequently, the canopy must be formed by SlaA, 187 which is in line with previous predictions (Veith et al., 2009) . 188
To visualise the location and architecture of SlaB unambiguously, we calculated a difference map 189 by subtracting the SlaB-depleted from the fully assembled map ( Fig. 3 D) . This revealed that SlaB 190 adopts a tripod-like shape, which is consistent with earlier sequence-based predictions that 191 suggested that SlaB foms a trimer (Veith et al., 2009 ). In our structure, the three branches of each 192 SlaB trimer are buried inside the SlaA canopy, whilst the "monomeric" stalk projects away from it, 193 towards the membrane plane. In multitude, these pillars act to raise the SlaA canopy above the 194 membrane. Interestingly, individual SlaB units are not in contact, but are linked to each other via 195 the SlaA canopy network. Notably, the canopy structure of the SlaB-depleted S-layer was less 196 well resolved than in the fully-assembled control sample ( Fig. 3 B) . This suggests that SlaB may 197 act in reinforcing the stability of the SlaA network. 198 199 200
Role of SlaB in S-layer assembly 201
As the S-layer structure is maintained after removal of SlaB, we asked if SlaB proteins merely 202 function as pillars for the SlaA lattice or if they also aide correct assembly of the outer canopy. To 203 investigate this, we isolated S-layers from both Saci and Ssol, disassembled them by transfer into 204 pH 10 buffer and subsequently performed recrystallisation by dialysis against water at pH 7 and 205 incubation for 120 h. Inspection of the reaction containing both subunits in the electron 206 microscope revealed patches of reassembled S-layers ( Fig. 4 A, D) . Sub-tomogram averaging 207 showed that these S-layers had retained their original lattice dimensions ( Fig. 4 B, E ) and that the 208 SlaA canopy as well as SlaB stalks could be identified ( Fig. 4 This comparison revealed that while the overall shape of the dimers is the same, there are marked 248 differences with respect to their horizontal and vertical dimensions, as well as the angles between 249 both arms of each boomerang (Fig 6) . Saci SlaA measures 23 nm along its long axis, which 250 corresponds with the size of the unit cell of the S-layer ( Fig 6A) . This is to be expected, as this 251 molecule spans to neighbouring hexagonal S-layer pores (Fig. 6C) . The corresponding portion of 252
Ssol SlaA measures ~20 nm (Fig. 6B ), which is again in accordance with the 10% smaller 253 assembled array ( Fig 6D) . The length of the SlaA dimer therefore determines the size of the unit 254 cell. The differences in length appear to be established by the angle between both arms of the 255 molecule, which is 102° for the longer Saci SlaA and 96° for the shorter Ssol homolog. 256
Interestingly, both SlaA variants also differ in an apical domain, which is curled inwards in Saci 257 and projects upwards in Ssol. In assembly, these domains are responsible for the differences in 258 the topology of both S-layers, as it is these domains that delineate the shallow hexagonal pores 259 in Saci and the conical protrusions in Ssol (Fig. 6 C, D) . Taken together, the strain-specific (Fig. 7) . Upon trimerisation of SlaB, three C-286 termini presumably form a trimeric coiled-coil, which most likely corresponds to the stalk-like base 287 of each SlaB tripod (Fig. 7) . The SlaB stalks in our maps appear shorter than expected for a 288 coiled-coil of roughly 100 amino acids (Veith et al., 2009 ) in length. This is likely due to high 289 flexibility in this region, which is thus mostly averaged out during our sub-tomogram averaging 290 procedure. The three protrusions of each SlaB tripod are likely formed by the predicted C-terminal 291 beta-sandwich domains (Veith et al., 2009 ) of the three SlaB proteins in the trimer, which therefore 292 also form the interface with the overarching SlaA lattice (Fig. 7) . However due to the limited 293 resolution of our maps, we were unable to distinguish between the length differences in the Saci 294 and Ssol SlaB beta-sandwich domains. 295
296
Our reassembly experiments reveal that SlaB is not required for SlaA self-assembly in vitro. This 297 is consistent with recent whole-cell negative stain EM data, which showed that Sisl SlaB knockout 298 strains still assemble partial S-layer like coats (Zhang et al., 2018a) . We therefore conclude that 299 the SlaA protein is the driving factor of S-layer assembly. In addition, our data shows that strain- conceivable that distinct S-layer topologies provide unique recognition tags for strain-specific 318 interaction and communication and that the evolution of new structures is a manifestation of the 319 cell's strategy to avoid viral infection (Tschitschko et al, 2015) . SlaB, in contrast, appears 320 structurally more conserved than SlaA. Indeed, it has been shown previously that SlaB proteins 321 have lower sequence variability than SlaA and their molecular masses differ less across different 322
Sulfolobus strains (Veith et al., 2009 ). This is likely due to the fact that SlaB interacts less with the 323 extracellular medium and is thus less prone to environmentally-related evolutionary pressures. Moreover, this protein is not membrane-integral but instead inserted to the bilayer via a C-terminal 339 lipid anchor (Fig. 7) (Pohlschroder, Pfeiffer, Schulze, & Halim, 2018) . While employing only one 340 S-layer protein might be energetically more favorable, it is likely that using two increases the 341 adaptability of the S-layer surface (SlaA) without compromising the membrane anchor (SlaB). by S-layer pores. Thus, the S-layer will have to be partially disassembled or adopt a different local 357 geometry wherever these filaments emerge from the cell body (Daum et al., 2017) . Finally, it is 358 safe to assume that due to their porosity, S-layers provide a semi-permeable barrier, similar to 359 the outer membrane of Gram-negative bacteria, albeit with a more liberal molecular weight cut-360 off. At the first glance, this cut-off appears to be determined by the pore diameter (<8nm), which 361 would allow a large variety of solutes, macromolecules and even large proteins to pass. However, 362 this notion may be deceptive, as both SlaA and SlaB are highly glycosylated (Palmieri et al., 2013; 363 Peyfoon et al., 2010) . While (likely due to their high flexibility) these posttranslational modifications 364 are averaged out in our cryoEM maps, they are thought to cover much of the S-layer surface and 365 thus possibly also project into the pores (Fig. 7) . It is conceivable that these glycans would 366 significantly lower the permeability of the S-layer pores to macromolecules, similar to the hydrogel 367 found in nuclear pore complexes (D'Angelo & Hetzer, 2008). 368
Conclusions 369
We present the first detailed 3D models of S-layers of three different Sulfolobus strains and 370 pinpoint the location and organisation of their component subunits SlaA and SlaB. We find that 371 the structure of the SlaA dimer determines the unit cell size and topology of the S-layer, whilst 372
SlaB anchors the S-layer in the plasma membrane and defines a pseudo-periplasmic space. 
S-layer isolation 393
Cell pellets of frozen cells from a 50 ml culture were incubated and inverted on a rotator at 40 rpm 394 (Stuart SB3) for 45 min at 37°C, in 40 ml of buffer A (10 mM NaCl, 1 mM phenylmethylsulfonyl 395 fluoride, 0.5 % sodium lauroylsarcosine), with the addition of 10 μg/ml DNAse I just prior to use. 396
The samples were pelleted by centrifugation at 18.000 x g (Sorvall Legend XTR) for 30 min, and 397 subsequently resuspended in 1.5 ml buffer A, before further incubation and inversion at 37°C, for 398 30 min. After centrifugation at 14.000 rpm for 30 min (Sorvall ST 8R), the pellet was purified by 399 resuspension and incubation in 1.5 ml buffer B (10 mM NaCl, 0.5 mM MgSO4, 0.5% SDS) and 400 rotated for 20 min at 37°C, 40 rpm. To retain both SlaA and SlaB, only one wash was performed. The resolution of all averages was estimated based the reflections in their respective power 456 spectra calculated by IMOD (Kremer et al, 1996) . For the in situ structures this suggested a 457 resolution of 28 Å for Saci and 30 Å for Sisl. For the maps of the isolated S-layers, 16 Å were 458 measured for Ssol and 21 Å for Saci (Fig. 1S5) . 459 460
Difference maps and assembly models 461
The difference maps were calculated and assembly models built in UCSF Chimera (Pettersen et 462 al, 2004 White circle highlights presence of SlaB (C&F) and red circles absence of SlaB (I&L). 
Scale bar: 20 nm
